Introduction phiregulin, encoding a growth and differentiating factor of the epidermal growth factor (EGF) family (Plowman WT1 was initially isolated as a gene that is inactivated et al., 1990). Amphiregulin is a ligand of the epidermal in a subset of Wilms tumors and mutated in the germline growth factor receptor (EGFR) that is unique in exhibiting of children with genetic predisposition to this kidney bifunctional properties, enhancing the proliferation of cancer (reviewed in Hastie, 1994). Rather than generatsome epithelial cells while inhibiting that of many cancer ing a tumor-prone phenotype, biallelic inactivation of cell lines (Shoyab et al., 1988) . We demonstrate here WT1 in the mouse results in the failure of kidney developthat expression of amphiregulin is promptly and directly ment, attributed to the widespread apoptosis of renal induced by WT1(ϪKTS). Immunohistochemistry and blastemal cells, the stem cells that give rise to the renal RNA in situ hybridization studies reveal that WT1 and nephron (Kreidberg et al., 1993) . While WT1 is expressed amphiregulin share the same temporal and cell typespecific expression pattern in the developing kidney. regulin may contribute to its role in renal differentiation. 
Results

In contrast to WT1(ϪKTS), inducible expression of WT1(ϩKTS) did not lead to significantly altered expression of any target genes, indicating that any transcrip-
Analysis of Microarrayed Probes
We used high-density oligonucleotide microarrays to tional or posttranscriptional effects of this isoform are likely to be restricted to transcripts that are not represearch for endogenous genes whose expression is altered following inducible expression of WT1 in U2OS sented on the microarrays. No significant differences in the expression profile of control cell lines expressing human osteosarcoma cells. In these cells with tightly regulated, tetracycline-repressible induction of WT1 only the tetracycline-regulated transactivator were observed following withdrawal of tetracycline (data not splice variants, expression of WT1(ϪKTS) at levels comparable to those observed in developing glomeruli leads shown). to apoptosis after 48 hr, an effect that is not observed with the WT1(ϩKTS) splice variant (Englert et al., 1995) .
Induction of amphiregulin by WT1(ϪKTS)
Given the magnitude of amphiregulin mRNA induction To identify direct transcriptional targets, cells in mid-log phase were grown in the absence of tetracycline for by WT1(ϪKTS), we sought to determine whether it might constitute a direct transcriptional target. As predicted 11 hr, at which time poly(A) ϩ RNA was isolated and used to interrogate oligonucleotide arrays representing by chip hybridization experiments, Northern blotting confirmed that induction of amphiregulin was specific 6800 known genes and expressed sequence tags (EST) (Lockhart et al., 1996) . Expression profiles in cells with to the WT1(ϪKTS) splice variant, thought to encode the transcriptionally active form of WT1 ( Figure 1A ). The inducible WT1(ϪKTS) were compared to those expressing comparable levels of WT1(ϩKTS) and cells transtime course of amphiregulin mRNA induction following expression of WT1(ϪKTS) in U2OS cells was coincidenfected with the empty vector. Northern blots were used to validate all expression changes greater than 5-fold tal with that of WT1 itself, readily detectable within 3 hr of tetracycline withdrawal ( Figure 1B ). Readdition of identified by array hybridization experiments.
A summary of expression profile upon inducible extetracycline and suppression of WT1 expression resulted in concomitant decrease in amphiregulin exprespression of WT1(ϪKTS) is shown in Table 1 . Of 12 genes and ESTs found to be induced by microarray hybridizasion (data not shown). To determine whether amphiregulin is induced by WT1 in appropriate cell types, tion, 4 were confirmed as induced by Northern blotting. Most striking was the potent (74-fold) induction of amspecifically cells of embryonic kidney origin, we established tetracycline-regulated inducible expression of phiregulin mRNA, confirmed as 10-fold increased expression by Northern blotting ( Figure 1A ). Lower levels WT1 isoforms in RSTEM cells, immortalized kidney cells isolated from day 12.5 rat embryos. In these cells, enof induction were observed for Hsp70 and p21 Cip1 transcripts, which are known to be induced following WT1 dogenous WT1 mRNA is detectable at baseline, and 5-to 10-fold induction of WT1 isoforms is observed expression in these cells (Englert et al., 1997; Maheswaran et al., 1998). Acidic fibroblast growth factor mRNA following withdrawal of tetracycline. Induction of endogenous rat amphiregulin mRNA was observed 6 hr followwas also induced more modestly, following expression of WT1(ϪKTS). Two additional targets identified as siging expression of WT1(ϪKTS) but not WT1(ϩKTS) (Figure 1C) . Presence or absence of another alternative nificantly induced by microarray hybridization were expressed at levels below detection by Northern blotting splice, encoded by exon 5 of WT1 (Haber et al., 1991), did not significantly alter induction of amphiregulin by analysis of poly(A) ϩ -selected RNA and hence could not be confirmed (see Table 1 ). Six other potential targets WT1(ϪKTS) (data not shown). identified by microarray hybridization were not found to be induced by Northern blotting analysis using either Direct Activation of the amphiregulin Promoter by WT1(ϪKTS) total cellular RNA or poly(A) ϩ -selected RNA (data not shown), a discrepancy most likely attributable to interTo identify a potential cis-acting, WT1-responsive site within the human amphiregulin promoter, we identified replicate biological variation. Remarkably, no target genes were found to be reproducibly repressed followa bacterial artificial chromosome (BAC) containing the known upstream regulatory sequences (Plowman et al., ing expression of WT1(ϪKTS).
Ϫ267 to Ϫ274 nt) displayed some level of WT1(ϪKTS)-dependent activation. However, in contrast to the WRE, the CRE site did not display direct WT1 binding, suggesting that it may contribute indirectly to WT1-mediated activation (see below). In the presence of the WRE, deletion of the CRE site did not diminish activation of the amphiregulin promoter by WT1(ϪKTS), indicating that this response element is not synergistic with the WRE (Figure 2B; pGL2-B-⌬CRE) .
To establish direct binding of WT1(ϪKTS) to the amphiregulin promoter, we first undertook DNase I footprint analysis using a genomic fragment of 300 bp, upstream of the transcriptional start site. Incubation with recombinant GST-WT1 protein, containing either the (ϪKTS) or (ϩKTS) zinc finger domains, revealed protection by WT1(ϪKTS) of only a 16 bp sequence, 5Ј-CCCGGCCGT GGGTGGA-3Ј (antisense strand), between Ϫ294 and Ϫ278 nt ( Figure 2C ). The location of this potential WT1(ϪKTS)-binding site was within the 60 bp minimal WT1-responsive element defined above. Neither the CRE site nor other GC-rich sequences that fit the WT1 consensus sequence were protected by WT1(ϪKTS), and WT1(ϩKTS) failed to protect any sequences within the amphiregulin promoter from DNase I cleavage. To confirm the identification of this potential WT1(ϪKTS) binding sequence, electrophoretic mobility shift assays (EMSA) were used to demonstrate binding of WT1(ϪKTS), but not WT1(ϩKTS), to the 60 bp (Ϫ328 to Ϫ275 nt) promoter fragment ( Figure  2D ). Further dissection of this fragment indicated that the WT1(ϪKTS)-binding site was between positions Ϫ315 and Ϫ275 nt, overlapping precisely with that identified by DNase I footprint analysis. sequence from the amphiregulin promoter was therefore Total RNA was isolated 6 hr after tetracycline withdrawal and probed analyzed by mutagenesis and EMSA. For optimal alignfor WT1, amphiregulin, and GAPDH. ment with other potential WT1 binding sequences, the WRE is shown in the antisense orientation ( Figure 3A) . The five 5Ј-terminal nucleotides and the 3Ј-terminal 1990), which were then inserted into the promoterless adenosine were not required for WT1(ϪKTS) binding. luciferase reporter plasmid pGL2. Activation of the reThe remaining 10 nt sequence from the amphiregulin porter by WT1 isoforms was tested using transient copromoter (defined here as WRE) is most similar to the transfection into NIH3T3 cells, which express undetect-"WTE" motif 5Ј-GCGTGGGAGT-3Ј, a high-affinity WT1-able levels of endogenous WT1. A genomic fragment binding site identified by in vitro selection assay that containing the known amphiregulin promoter (Ϫ87 to displays higher binding affinity for WT1(ϪKTS) than ei-Ϫ850 nt; pGL2-A) was activated 20-to 25-fold by ther the GC-rich EGR1 consensus or the TC repeat sites WT1(ϪKTS) but not WT1(ϩKTS) (Figures 2A and 2B) .
Characterization of Native WT1(ϪKTS) Binding Sequence
derived from WT1-responsive promoter reporters (NaNo further activation was observed by inclusion of an kagama et al., 1995). The antisense strand of the WRE, additional 1 kb of upstream sequence derived from the 5Ј-CCGTGGGTGG-3Ј, differs at only three positions (un-BAC (data not shown). Progressive deletion constructs derlined) from the predicted optimal WTE motif. mapped the major WT1-responsive element (WRE) to To determine the relative contribution of each of the 60 nt, between positions Ϫ328 and Ϫ275 ( Figure 2B ).
ten nucleotides within the WRE, mutations were introduced at every position and analyzed by EMSA, using We also observed that the CRE site (Montminy, 1997; The progression of developmental structures that leads to renal organogenesis is complex, reflecting early inpresent in the condensed blastema, S-shaped bodies, and bud branching of nearly 2-fold compared with untreated controls (Figure 5 ). The magnitude and dose responsiveness of this effect in this highly reproducible biological assay is highly significant and comparable to that observed following addition of exogenous glial cellderived neurotrophic growth factor (GDNF), a mesenchymal growth factor known to be a primary mediator of ureteric bud invasion and branching (Pepicelli et al., 1997).
Discussion
We have used expression profile analysis to search for cellular targets of WT1, a transcription factor implicated in renal development and malignant transformation. By combining tightly regulated inducible expression in a cell culture model with hybridization of cellular mRNA to high-density microarrays, we were able to screen 6800 genes and ESTs, identifying amphiregulin as a major WT1 target gene. A potentially important physiological pathway is suggested by the precise spatial and temporal coexpression of these two genes in condensed renal blastemal cells and differentiating glomeruli and the stimulation by Amphiregulin of renal tubular differentiation in vitro. The direct binding of WT1(ϪKTS) to a 
Expression Profiling to Define Transcriptional Targets ductive signals defining mesenchymal and epithelial cell fates as well as subsequent stimuli leading to cellular
The difficulty in defining physiological downstream target genes of transcription factors has long been a major differentiation and proliferation (Davies, 1996) in a large number of differences in expressed transcripts between samples. In contrast, screening for specific nephric kidney rudiments were isolated from day 11.5 mouse embryos, a stage of development that allows transcriptional targets following inducible expression of a transcription factor is likely to lead to a small number dissection of the mesenchyme surrounding a single ureteric bud branch. These were plated onto nitrocellulose of expression changes, posing a challenge for both sensitivity and specificity. While only ‫%7ف‬ of all potential filters and allowed to differentiate in vitro in the presence or absence of recombinant Amphiregulin. As expected, human transcripts were interrogated in our screen for WT1 targets, the sensitivity of our analysis is supported kidney rudiments developed a network of branching tubules associated with condensation of mesenchymal by the correct identification of two weakly induced transcripts, Hsp70 and p21
Cip1
, the only two genes previously cells. Addition of purified Amphiregulin to organ cultures demonstrated a dose-dependent increase in ureteric known to be induced by WT1 expression in these cells , 1998) . Consistent with these obserhave been associated with both transcriptional activavations, our screen of DNA microarrays identified a tartion and repression by WT1 (see Reddy and Licht, 1996) . get gene whose expression is induced by WT1 but failed A detailed analysis of the WT1-binding site in the huto confirm any targets whose expression were reman amphiregulin gene promoter (WRE) revealed a strikpressed. Taken together, these observations suggest ing similarity to WTE, a high-affinity WT1 binding sequence that WT1 may encode a transcriptional activator of spederived by whole-genome PCR but not previously found cific genes implicated in cellular differentiation. in a WT1-responsive promoter (Nakagama et al., 1995) . In contrast, the WRE shows significant divergence from , 1999) . Similarly, the
